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PREFACE 

One of the major needs in energy system planning is for standard, 
consistent methods of establishing and combining relevant parameters in order 
to support the comparison of different systems and the decision processes 
which must ensue. This requirement is strongly felt in the field of economic 
analysis of energy systems. Prior studies of electric power plant costs have 
appeared inconsistent and even misleading because of their different economic 
approaciles and choices of financial parameters. As a result, correlation of 
these stGdies, and comparison of the plants and technologies to which they 
refer, hi- s been difficult or impossible. 

The methodology presented in this document is intended as a first  step 
to relieve the problem of comparative evaluation of technologies and plant con- 
cepts in the important developing area of solar energy. It is predicated upon 
private and municipal utility ownership, and to that end includes approaches, 
data, and techniques provided by the Electric Power Research Institute. 
t h e r  inputs were provided by the Energy Research and Development Adminis- 
tration, which, through the Low-Cost Silicon Solar Array Project at the Caltech 
Jet  Propulsion Laboratory, sponsored development of the methodology. Other 
laboratories and members of the utility and utility- equipment industries have 
also provided inputs. 

Fur- 

This methodology addresses only those costs that are incurred as direct 
results of purchasing, installing, and operating an energy system, and derives 
the energy "price" necessary to recover those costs. A utility adoptian decision 
will require information additional to that provided by this method; however, 
the model presented will f u l f i l l  the important function of providing reliable infor- 
mation regarding the relative ranking of energy system options in a consistent 
manner. 
system contractors will use the method; other energy system analysts a r e  
encouraged to do so as  well. 
companion model covering user-owned systems. 

All on-going and future studies by ERDA and EPRI solar energy 

ERDA is also planning to develop and release a 

The methodology described in this document was developed principally 
at the Caltech Jet Propulsion Laboratory. Mr. J. W. Doane was the principal 
author and developer of the algorithms and explanations, with support provided 
by Mr.  R. G. Chamberlain. The original levelized fixed-charge approach was 
provided by h f r .  P. B. Bos of EPRI and integrated with the J P L  life-cycle 
costing approach by Dr. R. P. O'Toole of JPL. Mr .  P. D. Maycock of ERDA 
established the need and support for broadening the application of the method- 
ology from photovoltaic conversion systems to all solar energy system options. 
The funding support and program management of the activity was provided by 
Dr .  M. B. Prince, Chief, ERDA Photovoltaic Branch and Dr. L. M. Magid, 
Program Manager, ERDA Photovoltaic Branch. 

to make this methodology a required standard assessment tool and invite 
comments regarding its application. 

The ERDA Division of Solar Energy and the EPRI Solar Program intend 

/--- 

Piet B. B O ~ ,  Program Manager 
Solar Energy, EPRI Divi on of Solar Energy, ERDA V 
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FORE WORD 

This methodology was developed to serve a two-fold purpose - to 
provide energy system engineers with a conceptually sound economic asses s- 
ment tool, and to assure the ability to make "common denominator" cornpari- 
sons among the results of distinct system studies. 
the efforts of Mr. H. L. Macomber of the J P L  Low-Cost Silicon Solar Array 
(LSSA) Project in articulating the need for such a standard approach and for 
providing the technical management support to carry out the effort. W e  wish 
also to thank Mr. R. G. Forney, LSSA Project Manager, for releasing from 
immediate project responsibilities the resources necessary to complete this 
work. 

The authors appreciate 

The funding support of ERDA and the institutional support of EPRI a re  
Mr. P. B. Bos of EPRI convinced us of the advan- gratefully acknowledged. 

tages of the fixed charge rate approach, and provided valuable assistance with 
respect to the business and technical environments of electric utilities. 
Dr. R. P. O'Toole performed the initial integration of Mr. BOS'S inputs with 
J P L ' s  life-cycle costing approach. Mr. R. G. Chamberlain bore the major 
responsibility for executing Appendices A and B, and also served a s  principal 
collaborator on the document as  a whole. Mr. P. D. Maycock of ERDA pro- 
vided information necessary for the material to apply to the various solar 
energy technologies, and served as  a valuable clearing house for comments 
and inputs from outside reviewers. 
the development and this methodology with interest, and provided valuable 
assistance in reviewing and commenting on the method during its several 
stages of evolution: 

The following organizations have followed 

The Aerospace Corporation 
General Electric Company 
Midwest Re search Institute 
MITRE Corporation 
Oak Ridge National Laboratory 
Sandia Laboratories 
Southern California Edison Company 
Spectrolab, Incorporated 
We stinghouse Corporation 

James W. Doane 
J et Propulsion La bo rator y 
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ABSTRACT 

This methodology calculates the electric energy busbar cost 

Busbar 
from a utility-owned solar electric system. This approach is 
applicable to both publicly- and privately-owned utilities. 
cost represents the minimum price per unit of energy consistent 
with producing system-resultant revenues equal to the sum of 
system-resultant costs. This equality is expressed in present 
value terms, where the discount rate used reflects the rate of 
return required on invested capital. 
cribe the output capabilities and capital cost of the energy system, 
the cash flows required for system operation and maintenance, 
and the financial structure and tax environment of the utility. 

Major input variables des- 
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SECTION I 

INTRODUCTION 

The objective of this methodology is to provide a standard technique for 

the production of reliable rank orderings of alternative utility-owned solar 

energy system designs in terms of their cost-effectiveness in producing energy. 

There are several constraints applicable to the model chosen to accomplish 

this purpose. 

mentation with a minimum of detailed direction from the appropriate program 

office, y e t  sufficiently flexible to permit meaningful comparisons of systems 

with significant technical and economic differences. Second, the method should 

incorporate enough detail to produce realistic figures of mer i t  for the cost- 

effectiveness of systems in particular applications. At the same time, the 

answers should not depend on minute differences in particular installations. 

Third, the basic methodology should be consistent with conventional business 

practices for evaluating the cost of projects. Since the basic intent is to 

identify those systems with the greatest potential for commercialization, it i s  

important that the rankings produced be relevant to utilities as  potential buyers 

of solar energy systems. 

that requires neither computer software nor expertise in financial management, 

and allows the user to follow intuitively the progression of the analysis from 

inputs through intermediate results to final output. 

must, if  it is to be a standard, resolve several ambiguities that frequently 

characterize projections of systzm costs. Specifically, the methodology must: 

First, the method should be specific enough for contractor imple- 

Fourth, the methodology should be kept to a level 

Finally, the methodology 

i. express cost in t e rms  of a standard unit (i. e. ,  dollars of 
constant purchasing power). 

ii. incorporate a F yrstematic treatment of interest  during 

construction, 

iii. clearly distinguish between a measure of cost which applies 

only to a single year,  and a measure which summarizes 
cost over the entire system lifetime. 

This methodology addresses only those ccsts that a r e  incurred a s  direct  

results of purchasing, installing, and operating an energy system, and derives 
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the energy "price" necessary to recover those costs. 

decision will require additional information regarding, e. g., the interaction 

of solar energy systsms with utility-wide capacity, transmission, and load 

characteristics; cost and availability of non- solar energy options; and further 

considerations of the utility ' s taxation and regulatory environments. In each 

case, the adoption decision will be influenced by expectations of future condi- 
tions, a s  well a s  by current conditions. For  these reasons, the present method- 

ology should be viewed a s  a screening tool for comparative assessment of 

energy systems, and not a s  a complete framework for venture analysis by 

utilities, nor a s  a means to  estimate the absolute cost effectiveness of utility- 

owned solar energy systems. 

A utility adoption 

This document consists of five main body sections and five appendices. 

Section I is this Introduction. Section 11, Approach, delineates the analysis 

problem, enumerates some possible solutions to that problem, and relates 

the selected model to the broader area of discounted cash flow analysis. 

Section 111, Methodolgy, is a procedures- oriented explanation of the calculation 

and application .rf the annualized fixed charge approach to computing busbar 

energy cost. Section IV, Cost Account Structure, explains the interface neces- 

sary between the analytical method and the cost data describing the energy 

systems, and identifies the basis for the account structure selected. Appendix X 

is a comprehensive glossary of t e rms  and symbols used in this document. 

Appendix B is an extensive treatment of the intuitive content of the model, and 

contains rigorous derivations of the major equations. Appendix C is an illus- 

tration of a cost account structure developed fol: a solar thermal power plant. 

Appendix D is an illustration of the methodology, in the form of a hypothetical 

numerical example. 

include two major forms of tax preference not treated in the main text. 

Appendix E presents a generalization of the model to 

1 - 2  



SECTION II 

APPROACH 

There a r e  several widely accepted capital budgeting techniques for 

ranking the commercial attractiveness of alternative investment projects. In 
general, these approaches compare the expected revenue and expense cash 

flows (both corrected for the influence of the timing of dollar flows) and provide 

cr i ter ia  both for accept/reject decisions and for ranking acceptable projects. 

The present analysis is somewhat different f rom a conventional capital budget- 

ing problem in that all the  projects considered a r e  utility-owned energy systems, 

and that the immediate benefits in each case 

able in common physical units. 

side, it is possible to rank systems on the basis of "cost per  unit of benefit, I' 

which in this case is equivalent to cost per unit of energy. 

onsist of energy outputs measur- 

Given this built-in normalization of the  benefits 

The basic approach of the present model is to derive an estimate of those 

costs incurred by an investor-owned utility a s  a result of purchasing, installing, 

and operating a given solar energy system (excluding transmission and distr 'b A u- 

tion costs). These costs, suitably aggregated over trie system lifetime and con- 

verted to a yearly basis, a r e  divided by the expected yearly energy output of the 

specific system. The result is an estimate of the busbar cost of energy fro.m 

the system: that is, i f  the system were to  produce exactly its expected output, 

and if  that output were "sold" a t  a price equal to the estimated cost above, 'he 

resultant revenues would exactly recover the full costs of the system over its 

lifetime, including a return on the investments of stockholders and creditors. 

Alternatively, the estimated cost of energy is the revenue required per unit of 

energy output if  the system is to pay for itself. 

The full costs referred to above include a compensation to investors for 

the opportunity cost of their committed funds, and thus the model is intrinsically 

a discounted cash flow approach. 

sis,  however, in that the revenue s t ream is derived rather than input. Required 

revenue per unit is found a s  the minimum energy price consistent with 

recovering all costs. 

It differs f rom a conventional venture analy- 
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The required revenue approach can be explained in terms of standard 

concepts f rom capital budgeting theory. First, the project represented by the 

energy system is constrained to have a net present value of aero. Alternatively, 

the required revenue is defined a s  that which gives the energy system project 

an internal rate of return exactly equal to  the cost of money to the owning utility. 

A third statement of the essence of the model is in terms of life-cycle cost, 

defined a s  the present value, as of a specified point in time, of all of the costs 

incurred as direct  results of purchasing, installing, and operating the system. 

The model solves for a revenue s t ream which has a present value equal to the 

life-cycle cost of the system. 

The operation of computing the present value of a distribution of cash 

flows Ocollapses" that distribution to a single number. Present  value can thus 

be regarded as a measure which summarizes a given cash flow distribution, 

and for a given discount rate and index period, the value of that measure is 

unique. 

of possible cash flow distributions with the eame present value (even for  a con- 

stant discount rate and index period). 

revenue flow have a present value equal to system life-cycle cost does not 

ip:ply a unique distribution of revenue flows. 

selected for this methodology is a levelized energy cost, a single number repre- 

senting an average of a distribution of varying charges. This average relation- 

ship is illustrated in Fig. 1. The horizontal line a t  BBEC represents the 

levelized busbar energy cost in mills per  kilowatt-hour. 

BBEC, represents a hypothetical ser ies  of growing charges. BBEC i s  "typical" 

of the growing distribution in that it represents a uniform distribution which, 

over the same time interval (yco to yco 4 N), has the same preeenr. value. For  

this to be true, the two shaded areas  must a h o  have equal present values, 

(The a reas  shaded a r e  not equal geometrically, reflecting greater  discounting 

of later year revenues.) Thus the levelized charge represents an overcharge 

(relative to a growing distribution) in early years  and an undercharge in la ter  

years. In present value terms,  however, the two approximations cancel one 

another, so that the distribution of constant charges has exactly the correct  

prerent value, An important im-lication of Fig. I is that, for purposes of 

representative comparisons, energy costs from different systems must both 

be levelized. at a more general level, the conceptual advantages of this 

The converse does not hold, however, and there a r e  an infinite number 

Thus, the model requirement that the 
\ 

The revenue per unit measure 

- 
The curved line labeled - 
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LEGEND: 

@= = LEVELIEEO BUSBAR 
ENERGY COST 

Yoo - FIRSTYEAROF 
COMMERCIAL 
OPERATION 

N - SYSTEM LIFETIME 

t = TIME 

----- 

Fig, 1. Comparison of  Levelized Energy Cost 
with Growing Energy Costs. 

approach for system -0mparisons are f u l y  realized only when the standard 

method is applied to ail  systems involved. 

A frequent source of confusion in  interpreting system cost projections 

concerns the real  value of the dollars in which those projections a r e  denomi- 

nated. For the purpoeses of this methodology, all cost inputs a r e  to be expressed 

in terme of current dollars (i.e., there should be no prior adjustment by con- 

t ractors  for cost escalation). 

algorithms defined below (once the relevant rates of escalation a r e  epecified), 

and therefore occur internally, Similarily, the methodology automatically 

calculates interest  during construction, and that interest  should not be included 

in the  input value6 for capital coats. 

Escalation adjustments a r e  "built in" to the 

Some further qualification is necessary with respect to the extent to  

which the model normalizes for technical differences among energy eystemes, 
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k OVERVIEW 

The purpee of thie Section is to pmvi8e a "user's guide" to the mdd 
by e q h i n i q  Bor the prta  fit tagether, Qlwl bQw the caculatitm sf energy cost 

for a t iam is built QrgllLEd 

FSg. 2, d e &  &@aye the genaral structore of the msaal, a0 wedl as Q detailed 
flaw of epscific tapptS thraagh the b y  *Mons to find 
Fig. t wil l  be rutdressed in paughly a left-Wright eo~uence, beginning with the 

input data. This model produces a single eutppt - Q number representing the 
cost per unit of emergy from a utility-owned solar energy system. This cost 
is f d  by dividiq an aanualisd measure of tmtd system-resultant costs by 
the constant annual energy output expected frolR the e~ystelra. It can be inter- 
preted as the minimum price at which energy from the system c d d  be sold, 

2 a d  st i l l  produce revenues sufficient to recover all system-resultant coots, 

Sl- 8hCdd be wda-d.' Thi8 

The prte of 

Inputs to the model conaimt of technical and cost data desaribing the 

energy system to be d y s e d ,  escalation rates applicable to various categories 
of system-resultant cost, and pertinent financial characteristics of the owning 
ut€lity. The system description data details the basic costs of system purchase, 
instarllatien, and operation, and defines system performance. The escalation 
rates determine the coawrrioa of those costs to current year dollars over the 

analysis period. The utility description data influences the direct costs of 
system ownership and, together with the other inputs and basic model rdationo, 
determines the cost of energy. 

'Appendices A, 8, and D are  closely related to this Section: Appendix A 
contains a glossary of terms; Appendix B contains a rigorous and aetailed 
exposition of the methodology; Appendix D contains a step- by- step numerical 
illust ration. 

'Since transmiseion and distribution coots are  excluded, the minimum price 
at which energy could be sold to consumers would, of necessity, be higher 
than that indicated by the model. The model output should be interpreted as 
that portion of the retail price attributable to generation. 
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The model is designed to permit sensitivity analyses of the cost of 
energy to changes in the description of the  energy system. 

been specified which consists of a "typical" utility description and a given set 
of general economic conditions. (This baseline data is contained in Table 1, 

Table of Nominal Values, in part  B.4 of this Section.) For  any case which 

incorporates the baseline utility des( iption and system lifetime (hereafter 

referred to a s  a "nominal case"), the results of several important intermediate 

calculations of the model a r e  predetermined. 

results are also included in Table 1, and their use considerably simplifies the 

use of the model. For  instances where reasons exist for perturbing the 

nominal values, some o r  all of the intermediate results will have to be recal- 

culated according to the equations presented in P a r t  C of this Section. 

A baseline has 

These implied intermediate 

B. INPUT DATA 

The basic data requirements of the  model a r e  a description 01 the solar 

energy system, and a description of the utility which will own the energy system. 

Additional information required is a set  of assumptions concerning the escalation 

rates of various categories of system-resultant costs, and a "start  up" fate for 

commercial operation of the system. 

1975 dollars. (This does not mean that contractors a r e  prevented from esti- 

mating component costs based on price reductions d-ie to technical break- 
throughs, learning curves, etc. It does mean that such estimates should 

exclude any adjustment for inflation.) 

general here, and in detail under Nominal Case below. 

All cost inputs a r e  to be expres: dd in 

The input data will be described in 
3 

1. Svstem Description Data (SDD) 

The energy system is described in te rms  of i t s  anticipated date of 
commercial operation, expected operating life, expected output in M Wh/year 

(assumed constant throughout the system lifetime), and the cash flows associ- 

ated with the capital and operating costs for  the system. ( A  related requirement 

is the need to report a s  capital investments any overhaul and/or subsystem 

replacement necessary to achieve this operating life. ) Energy output should 

3The input data, a s  well as  all other variables of the model, a r e  defined in 
detail in Appendix A, Glossary. 
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likewise be estimated to consider both the system design (including any 

expected use of conventional generation as back-up) and the particular 

applic ;-.ti Oi analyzed. 

Gspital investment flows consist of cash outlays to purchase and install 

al l  necc j sary equipment (including any conventional back-up plants required 

to maintnui a given reliability of the power grid), plus any major maintenance 

outlays such a s  for overhaul and/or subsystem replacement. 

ensure co: iplete and consistent coverage, capital flows a r e  to be calculated 

and repor: .$d according to the procedures detailed in Section IV, Cost Account 

Structure, for the type of energy system to be analyzed. 

step is a distribution of capital outlays which will feed into Eq. (B.38) in the 

compuztatioss phase. 

In order  to 

The result of this 

OFerating costs, maintenance costs, and fuel costs a r e  assumed to be 

cost s t reams that can be described either a s  constant amounts per  year, o r  a s  

(distinct) se r ies  of yearly outlays growing at uniform rates.  The cost elements 

to be inl.luded in each of these categories a r e  detailed in Section IV. It should, 

however. be emphasized that several  types of cost a r e  not included in those 

categories. _Major maintenance, a s  mentioned above, is treated a s  a capital 

outlay. Taxes,  insL, ance, depreciation, interest, and return to equity a r e  

incorporated in t h e  computations phase of the analysis. 

a r e  not, therefore, to be treated a s  par t  of the System Description Data. 

These general expenses 

2. Utility Lescription Data (UDD) 

The owninn ut i l i ty  is described in t e rms  of its capitalization ratios, 

Further utility its rates  of return, ana i ts  effective marginal income tax rate. 

description input- ii.clude two coefficients which serve to allocate constant 

yearly shares  -.L insurance, property taxes, licenses, and other general 

expenses to *.le energy system being analyzed. 

a s  propcr-tions of total capital investment in the  energy system. 

elemnu. of the UDD data block is the system lifetime, which is "copied in" 

from the SDD block, to be used a s  the time horizon for financial analysis. 

These shares  a r e  computed 

The las t  

3. ctsqeral Economic Conditions (GEC) 

This block is composed of rates of change of prices, for the 
. co:.c..ny a s  a whole and for  the various categories of system-resultant costs. 



These rates are used to adjust cash flows to dol lars  that are "current" for  the 

years  in which those flows occur, and to adjust the final model result, busbar 

energy cost, back to base year dollars. Thus, the base y e a r  is a lso specified 

as par t  of the nominal case. While the determination of which cost  categories 

are relevant depends on the system to be analyzed, the ra tes  of growth of 

those costs are determined, at least in part, by pr ice  movements in the general 

economy. This is the reason for  identifying CEC as a separate block. 

4. Nominal Case 

The data inputs and computational steps enclosed in  the  dashed 

rectangle surrounding the upper half of Fig. 2 a r e  contractor responsibilities 

only if it is desired to perturb the nominal case of the 

thirty year  system lifetime? Table 1 contains the values which define the 

nominal inputs, and the intermediate outputs implied by the nominal inputs. 

The details of that table are discussed in the next five paragraphs. 

1 1  typical" utility and a 

System operating lifetime (N) is uszd as the analysis period for all 

financial computations. 

determined by considerations of technical design and application environment. 

Thus the appropriateness of the nominal system lifetime to  a particular energy 

system design must  be assessed in light of technical principles. It should be 

remembered, however, that all  systems to be compared must have the same 

value for  N. 
factor (CRF)  and the fixed charge rate  (FCR)  must be recomputed for t h e  

chosen lifetime. 

While N determin 3s the financial time horizon, i t  is 

If a thirty year lifetime is not appropriate, the  capital recovery - 
(Note that a change in N does not impact the cost of capital, 

k. 1 

The role of the  miscellaneous cost ra tes  ( P I ,  p,) i s  to allocate to this 

project (energy system) a proportional share  of such general business expenses 

as property taxes, license fees, insurance premiums, etc. This share  is 

computed as a fraction (B, + p,) of the investment in  the energy system, where 

investment is measured a s  a present value of all capital investment flows a s  

4Escalation rates  and the base year do not directly influence the computations 
inside the dashed rectangle. They a r e  considered part  of the baseline infor- 
mation in the interest  of standardizing as many of the economic assumptions 
of the energy system comparison a s  possible. 
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Table 1. Table of Nominal Values. 

~ ~~ 

Symbol 

Name 

Nominal Inputs 

Util i ty Description Data 

System Operating Lifetime (from SDD) 

Annual "Other Taxes'' as a fraction of CI 

Annual Insurance Premiums a s  a fraction of Cf 

Effective Income Tax Rate 

Ratio of Debt to Total Capitalization 

Ratio of Common Stock to Total Capitalization 

Ratio of Prefer red  Stock to Total Capitalization 

Annual R a t e  of Return on Debt 

Annual R a t e  of Return on Common Stock 

PV 

PV 

Annual R a t e  of Return on Prefer red  Stock 

General Economic Conditions 

Rate of General Inflation 

Escalation Rate for Capital Costs 

Escalation Rate for Operating Costs 

Escalation Rate for Maintenance Costs 

Base Year for Constant Dollars 
~~ 

Nominal Intermediate Outputs 

Nominal 
Value 

30 years 

0.02 

0 .0025  

0.40 

0 . 5 0  

0.40 

0.10 

0 . 0 8  

0.12 

0.08 

0.05 

0 .05  

0.06 

0.06 

1975 

k 

k, N 
CRF 

FC R 
- 

Cost of Capital to (and interrial ra te  of return in)  
a "Typical" Utility 

Capital Recovery Factor (870, 30 years)  

Typical" Annualized Fixed Charge Rate I 1  

0.08 

0.0888 

0.1483 
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of the s t a r t  of commercial  operation. 

values of these general expenses is beyond the scope of the model: they a r e  

treated as constants over the analysis period. 

Speculation about future changes in the 

Because income taxes are an important influence on the effective cost 

of a business-owned energy system, the income tax rate (T) is a basic parame- 

ter of the utility description. The effective income tax rate  shown in Table 1 

is less than the legal corporate income tax rate  of 48 percent, reflecting an 

implicit adjustment for  investment tax credi ts  and other forms  of tax 
preference. 

The importance of including the capitalization ratios and the associated 

rates  of return is largely due to the  differential tax treatment accorded returns 

to equity vis-a-vis returns to  bondholders. 

are typical of the electric utility industry in the mid- 1970 I s .  

The values presented in  Table 1 

Estimates of the course of future pr ices  are always quite speculative, 

and the escalation rates  given in Table 1 are no exception. 

considered in selecting those values were quite simple: the prices of capital 

goods, and of goods and services  in general, were assumed to increase a t  

5 percent per  year, while the  cost  of labor-intensive services  (such a s  opera- 

tions and maintenance) were assumed to  grow 1 percent fas ter  than that. This 

implies an increase in the relative returns to labor, and also seems consistent 

with the 8 percent return assumed for low-risk bonds. 

a great  deal of effort in the  hope of producing estimates of price change and 

interest  ra tes  that a r e  "obviously correct.  

v. -y likely nor, for the purposes of this mode!, very important. The nominal 

vaiaes should be quite adequate for the production of consistent rank orderings 

of solar energy systems. For  comparisons of solar energy systems with 

other energy technologies, the possibilities of important changes in relative 

custs  of inputs (i. e.,  capital vs. fossil fuels) a r e  much greater  than for com- 

parisons within a particular technical family. 

cations that the se t  of interest  rate/escalation rate  assumptions be considered 

a s  a whole, and an internally consistent set  of values defined. 

The constraints 

It i s  possible to spend 

11 Success in that effort is neither 

It is important for such appli- 
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C. COMPUTATIONS 

This subsection displays the equations referenced in Fig. 2, and presents 

a brief intuitive discuskion of what is going on in each computation block. 

important t o  note that the intermediate outputs CI OP MNT and F L  

a r e  expressed in current  dollars (as of y 

dollars is not performed until eomputing AC in Eq. (B.20). 

expressed in constant y dollars are printed in bold face throughout this docu- 

ment. ) The derivation of the equations i s  treated thororighly and rigorously in 

rhppendix B. 

It is 

pv' pv' ?V' PV 
). The adjustment to constant 

co - 
(Quantities 

b 

1. Cost of Capital (and Internal Rate of Return) to a Utility (k) 

One objective of the regulation of utilities is to maintain an equality 

between the utility-'s internal rate of return and its cost  of capital. 

regulating agency t r i e s  to se t  ra tes  so that the utility makes - A s t  enough prcfit 

to provide competitive rates  of return to each category of investor. 

That is, the 

5 The average after-tax cost of capital to a utility is defined by Eq. (B.1): 

The right-hand side of this equation is an after-tax weighted average of the 

costs (kd, kc, k ) of the various financial instruments used by the utility. The 

individual t e rms  a r e  the portions that each type of instrument commands in the 

utility's overall internal ra te  of return. 

deductibility of interest  payments. Thus, with a 40 percent effective tax rate,  

the real  cost  to a utility of $100 in interest  payments is only $60, because that 

is the amount by which after-tax income would decrease,  other things equal, 

if interest  expenses were to increase by $100. 

represents the "weighted average after-tax cost of capita!. ' I  It i s  used to com- 

pute the capital recovery factor in Eq. (B. 36) ,  and the present values of cash 

flows in Eqs. (B. 38) and (B. 39). 

P 

The (1  - T) t e rm reflects the tax- 

The intermediate output k thus 

'See Eq. (B. 1') of Appendix B for the value of k for a publicly-owned utility. 
Equation numbers correspond to those of the derivations in Appendix B. 



2. Capital kecovery Factor (CRFk. N) 

The capital recovery factor is a standard concept f rom the 

mathematics of finance, and represents the uniform annual payment, a s  a 
fraction of the original principal, necessary to fully amortize a loan over 

a specified period of time. 
relevant interest  rate, and the specified amortization period. 
poses of this model, the value of k f rom Eq. (B. l )  is used a s  the interest  rate, 

and the system lifetime N is ased a s  the amortization period. While values 
fo r  the CRF appear in all standard financial tables, they are not difficult to  
compute, and an exact formula obviates the need to interpolate. 

formula for  the CRF is given in Eq. (B. 36): 

The CRF is a function of only two variables: the 

For  the pur- 

The standard 

(B. 36) 

The value of CRF is used both to compute the annualized fixed charge rate  

(FCR) in Eq. (B.21), and to annualize the present values of the recurrent costs 

in Eq. (B.20). 

- k, N 

- 
3. Annualized Fixed Charge Rate (FCR) 

The annualized fixed charge rate represents a condensation of all 

When FCR is multiplied by 

), the result is the entire contri- 

- 
the utility description data into a single number. 

the present value of capital investment (CI 
bution of capital costs, income taxes, and miscellaneous costs to the annualized 

system-resultant cost. 

data, which interacts with the rest of the model to determine the cost of energy. 

Thus, the nominal description of a typical utility implies a nominal value for 

FCR a s  well, and the major work of incorporating the effects of utility owner- 

ship into the cost of energy calculation, for the nominal case, has already been 

performed.6 The formula for  computing the fixed charge rate is Eq. (B.21): 

PV 

- 
In effect, the FCR is a proxy for the utility description 

- 

6The interaction of the system description (SDD) and the utility description 
(UDD) i s  not strictly a "single point" interface. 
system lifetime (N) is an important element of UDD a s  well. 
the cost of capital (k) will be an important quantity in summarizing the 
recurrent cash flows. 

As discussed above, the 
Likewise, 
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(B. 21) 

- 
The resultant value of FCR is used as an input to Eq. (B.20) for computing the 

annualized system- resultant cost. 

For  the case of a publicly-owned utility, there  is no income tax liability 

(i.e., t = 0.0) and, as noted in  Eq. (B. 1') of Appendix B, k =  k;X. 
sion for the annualized fixed charge rate for  a publicly-owned utility is, 
therefore: 

The expres- 

(B. 2 1') 

In any application of Eq. (B. 2 1'), note that the CRF is -3 be computed using the 

cost of debt ( k i )  to the public borrower. 

two distint-tions between the economic environments of publicly- and privately- 

owned utilities. 

securit ies used to  finance investment in public power a r e  generally tax- exempt, 

and therefore sell  a t  lower yields. ( A  nominal value for k;l would be 6 percent, 

a s  opposed to 8 percent f o r  kd. )  The replacement of with 

fact that puSlicly-owned utilities do not ordinarily pay property taxes. 

do, however, make "payments in lieu of taxes, " and the nominal value of 

0.02 for i s  appropriately used for  as well. 

The pr imes in Eq. (B.21') reflect 

The replacement of kd with ki reflects the fact that the 

reflects the 

They 

4. Present  Value of Capital Investment (CI 

The present value of capital investment expenditures (CI ) i s  the 
PV 

measure used to summarize the total investment in the energy system. All  

investment outlays a r e  normalized to express their financial significance a s  

of January 1 of the year of f i r s t  commercial operation. (An important con- 

straint  applies to the definition of the  CI, t e rms  themselves - they a r e  to be 

measured in  price year dollars, and a r e  to be compiled in accordance with 

Section IV, Cost Account Structure, ) This normalization consists of an adjust- 

ment for escalation of costs between the year of occurrence (of a c a s h  outlay) 

and the cost reference year, and an adjustment for compound interest .  
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Since investment outlays a r e  likely to  be distributed unevenly, with 

respect to  both timing and size, the t e rms  of the investment distribution a r e  

evaluated separately, then summed to tittd CI 

operation is Eq. (B. 38): 
The formula €or this 

PV. 

(B. 38) 

The t e rms  p and j a r e  defined as: 

P = Yco - Yp' 

j = y t  

an integer constant; 

- yco t 1, an integer variable. 

The y t e rms  a r e  dates which represent the first y e a r  of commercial operation 

(y 
ment outlay (yt). 
for changes in the price of capital goods between y 

CI 
for base year Yb i s  not performed until Eq. (B. 20) for annualized system- 

resultant cost (E).) The value to  be used for k comes from Eq. (B. I ) ,  The 

nominal values for g and k a r e  0.05 and 0.08, respectively, leading to a 

nominal value for  ( 1  t gc)/( 1 +k)  of 0.972. ) 

), the price year for cost information(yp), and the year  of a given invest- co 
The rate  of escalation for capital goods (g,) is used to adjust 

and y (As a result, P t' 
The adjustment back to constant dollars 

7 

is in Lurrent  dollars, a s  of yco. 
PV 

C 

5. Present  Values of Recurrent Costs (OPpv, MNTpv, FLpv) 

Present  values for s t reams of recurrent  costs (X ) a r e  computed t 
using Eq. (B. 39) (which is discussed thoroughly in part  B. 6 of Appendix B): 

'A fu l l  discussion of the adjustments for escalation incorporated in Eqs. (B. 38) 
and (B. 39) is contained in part  B.4 of Appendix B. 
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wherep  = yco - yp 

and gx is the escalation rate for 

Opt, MNTt, FLt, a s  appropriate. 

It i s  assumed in this methodology that the separate categories of recurrent 

costs can be represented by (distinct) uniform streams over the system life- 

time. This uniformity can be interpreted in either of two senses: 

i. Outlays constant in real  terms,  growing in dollar amount at 

the constant rate of escalation. 

ii. Outlays growing at  a constant rate in r r a l  terms,  and thus 

growing ir dollar amount a t  a larger  rate which equals the 

sum of the constact escalation rate and the rate of real  

growth. 

The values of gx in the nominal case (and the usage of "escalation1' thrbughout 

this document) correspond to the f i rs t  of these interpretations. 

incorporating g a r e  valid for either interpretation, however, and thus the 

model may be used for any instance in which some catcgory, o r  categories, 

of recurrent costs a r e  expected to uniformly increase o r  decrease.8 The 

correct value for g 

tion r;rte and the rate of real  growth. 

The formulas 

X 

in Eq. (B. 39) is always found a s  the s u m  of the escala- X 

Escalation occurs beginning with the reference year for prices (yp) ,  while 
real  growth of recurrent costs can only begin a s  of the s tar t  of operations 
(yco). 
interpretation of uniformity above, when yp # yco. 
part B. 4.4 of Appendix B. 

8 

Consequently, some precautions apply to the exercise of the second 
See footnote 12, in  
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The nominal case defines values for  all of the t e rms  of Eq. (B.39) 
except Xo, which represents the initial outlay of the given cost stream, and p 

the number of years from the price year to the s t a r t  of commercial operatic- 

Thus, the implied nominal value of: 

(1 +g,P (l -.. g y ) [  1 - (: :,"I , since (k # g,,, is: 
k - g, 

yco - Yp' w h e r e p  = 

The applicztion of Eq. (B. 39) for the nominal case thus reduces to: 

X = (1.06)p X 0 (22.75) . 
PV 

(In the case of fuel, a 6 percent escalation rate is  likely to be an underestimate. 

In the absence of a firm consensus on the future course of fuel prices, the best 

approach would be to run seasitivi L S  of any comparison to the escalation rate 

of fuel. 

baseline.) The resultant values of OP  MNT and FL a r e  input to 

Eq. (B. 20) for computing the annualized system-resultant cost, 

Annualized System- Resultant Cost (E)  
The present value calculations of Eqs. (B. 38) and (B. 39) "collapse't 

The 6 percent figure could then serve as an appropriately conservative 

PV' PV' PV 

6. 

their respective cost distributions to single numbers. 

values summarizes i ts  corresponding disti bution in te rms  of the lump sum 

which, if presently (where y 
rate k, would sustain a flow of withdrawals ir'entical to the original distribu- 
tion, and end up with a balance exactly equal to zero at  the end of N years.  To 
obtain a conceptually correct  measure of energy cost (units of cost per unit of 

energy output), however, cost must be measured in the same flow dimension 

a s  energy. 

Each of these present 

is defined as the "present") invested at interest co 

The present values computed in Eqs. (B. 38) and (B. 39) a r e  
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annualized from distinct lump sums to a single series of constant annual 

payments, and converted back to base year  dollars, in Eq. (B. 20): 

where g is :he rate of general inflation, and d = yco - yb. 

The bold face notation, as mentioned above, denotes that an amount is - 
expressed in constant yb dollars. 

cost, is measured in (base year) dollars per year, and represents an  amount 
which, if collected in revenues each yearD would constitute a revenue distribu- 

tion with exactly the same present value as the summed present valurs of all 

the separate cost  distributions analyzed above. is input to Eq. (B.22) to 
compute the levelited busbar energy cost. 

AC is the annualised system-resultant 

- 
7. Levelized Busbar Energy Cost (LBEC) 

Levelized busbar energy cost is computed as the quotient of annual- 

ized system-resultant cost (E) divided by expected annual energy output 

MWH ). ( W e  have introduced the t e r m  "levelized" in place of "annualized" for 
cons is texy  with utility industry terminology and to denote a "per unit of energy" 

measure. ) This relationship is Eq. (B. 22) :  

A 

- - AC 

BBEC = MwHA 
(B. 22) 

Some important requirements apply to  the determination of MWHA in 

Eq. (B.22). 
detailed conventionc for system perform:.lice simulations, it is a lso apparent 

that any bias in the calculation of MWHA is pass,?? t q  IUBEC. The 

value of MWHA for any given system shou:d r( . 
ences which act  to reduce attained and usat ' e  

While it is beyond the scolle of th i s  document to  prescr ibe 

- 
important influ- 

-it below maximum 
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theoretical output. To avoid the most common sources of bias, the following 

general guidelines should be observed: 

i. 

ii . 

iii. 

iv. 

Expected energy output should be derived from a system perform- 

ance simulation, based on hourly insolation and weather data over 

a t  least  one fu l l  twelve month cycle. 

In instances where insolation must be estimated on the basis of an 

ideal" o r  "nominal" day, an adjustment must be made to reflect t l  

the fact that such insolation is not representative of an average day. 

That is, a year would be expected to provide less  than 365 times 

the insolation of a nominal day. A repetition of 365 identical days, 

even if adjusted to "average, '' would also fail to reflect the effects 

of sequences of good o r  bad days. 

It is not necessarily t rue that all  of the insolation available to a 

solar energy system will in fact be converted and/or used. 

value for MWHA should reflect energy losses or  non-use due to 

saturation of storage o r  lack of load. 

Another important source of energy losses is system "outage, 'I 

whether due to  scheduled maintenance, o r  to  component failure. 

Such outages typically reduce system availability (and therefore 

theoretical system output) by 10 to 15 percent. 

The 

Al l  of these influences can be combined in the concept of the "attained 

capacity factor" (CF ), which for a solar energy system may range from 

20 - 60 percent. 

a performance simulation, and is, in any case, interdependent with how the 

capacity rating (CAP,) of the system is assigned. 

implicitly in the following relation: 

d 

The value appropriate f o r  any given system must result  from 

This dependence i s  displayed 

MWHA = CFa CAPr 8760 

Because this is ,  for all practical purposes, a definition of CF,, it  is tautolo- 

gically true. The message of the above guidelines is that C F  is almost cer-  

tainly considerably less  than one, and that the value for MWHa used in  

Eq. (B.22) must reflect that fact. 

a 
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Eq. (B.20) can be written as: 

tOPIdtFL - -  
AC = FCR a C I p  

where, again, bold-face type denotes that cost qtrantities have been adjusted to 

base year constant dollars. ow1 is combined operations and maintenance costs, 

and the bars over and denote levelization. Dividing by MWHA 
leads to the following, which is a standard utility industry expression for 
levelized busbar energy cost. 

- 

-~ - FCR C$,, -* -* 
to114 + F L  BBEC = CFa CAP l 8760 r 

The symbol "*" denotes that the corresponding te rm has been divided by 

(MWH, = CFa*CAP 08760). Since 

MWHA in megawatt-hours, BBEC has the dimension of ''base year dollars per 
megawatt-hour, " which i s  numerically equal to "base year mills per kilowatt- 

hour. Levelized busbar energy cost is the final outFst of the model. 

is measured in base year dollars, and - r 

'I 
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SECTION IV 

COST ACCOUNT STRUCTURE 

The purpose of the present methodology is to provide a means by which 
the cost effectiveness of alternative designs of solar electic power plant 
systems can be compared. For such comparisons to be meaningful, it is 

essential that costs (and energy outputs, as  well) be categorized on the same 
basis for all systems being compared. Even though all cost categories a re  
eventually added together, different categories are  affected by different 
escalation rates and different tax treatments before being combined. 

A detailed illustration of a cost account structure is presented in 
Appendix C. 
ology should be based on the structure used by the Atomic Energy Commission 
(now ERDA), but extended to include accounts to accommodate cost elengents 
such as  solar arrays and energy storage subsystems not found in conventional 
power plants. 

The cost account structure to be used ia applying this method- 

An ERDA/EPRf cost account structure, however, has not yet been pub- 

lished. In the interim, these guidelines should be followed: 

Capital investments should include all costs associated with instal- 
lation, overhaul, and replacement of capital goods, including archi- 
tectural and engineering fees, land purchase, site approval expenses, 

etc. 
cies. 
primary system, power conditioning, energy storage, and conven- 
tional back-up subsystems are  included in the system. Connection 
to the power grid and transmission and distribution subsyoterns a re  
not included. Maintenance vehicles and equipment, i f  any, are  
included. 

Operating costs should include administration, office supplies, and 
so on, but not costs accounted for elsewhere, such as  insurance, 
taxes, or maintenance. 

Maintenance costs should include scheduled maintenance, such as  
array washing, minor repairs, wages of maintenance personnel, 

Also included in capital costs are  spare parts and contingen- 
The system bounasry is defined to >e the busbar; so, t t e  
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and so on, and should also include an estimate for unscheduled 

maintenance, but should not include major overhauls o r  subsystem 

replacements. 

considered capital expenditures. ) 

(Overhauls and subsystem replacements a r e  

4) The only fuel costs in solar electric systems a r e  those associated 

with back-up power subsystems, if any. Other expendables, such 

a s  lubricants and fuel for maintenance vehicles, aril considered to 

be maintenance costs. 

While not 3pecifically related to the cost account structure, the following points 

can be reiterated here: 

5) Expected annual energy output should include consideration of 

scheduled and unscheduled downtime, diurnal and seasonal vari- 

ations in insolation (including weather), and energy provided by 

conventional back-up capacity, if any. 

6 )  It is often difficult to determine an appropriate value for allocated 

costs, such a s  other (non-income) taxes, insurance premiums, 

and so on. These costs should be estimated as the marginal costs, 

to the utility owning the system, which would result from ownership. 

7) The effective income tax rate used should take into account all 

applicable investment tax credits (see Apppendix E for an 

alternative approach). 
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APPENDIX A 

GLOSSARY O F  TERMS AND SYMBOLS USED 

IN THE METHODOLOGY 

CY = investment tax credit fraction 

The fraction of an investment outlay in a given year that can be 

claimed a s  a credit against income tax due for that year. 

only in Appendix E. )  

(Used 

t ?  = other" tax fraction 

The ratio of all  non-income annuar taxes to  the present value of the 

total capital investment. 

this  fraction is assumed to be a constant, characteristic of the 

utility that will own the system under evaluation. 

As an approximation in  the methodology, 

P 2  = insurance fraction 

The ratio of all insurance premiums to the present value' of the total 

capital investment. 

fraction is assumed to be a constant, characteristic of the utility 

that will own the system under evaluation. 

As an approximation in the methodology, this 

T = effective corporate income tax rate  

This i s  the income tax rate that the f i rm must apply to gross  profit 

to determine i t s  corporate income tax liability. It i s  the actual tax 

rate of 48 percent less  an adjustment for applicable tax preference. 

See "statutory tax rate. 'I 

- 
AC = annualized system-resultant cost 

The annuity, o r  uniform stream of annual payments over the system 

lifetime, which has the same present value as  the totality of all 

system- resultant costs . 
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amortize, amortization 

To retire a loan, including all interest  due, by a systematic series of 

replayments. The repayment (or amortization) schedule is computed 

to result in an outstanding balance of zero a t  the expiration of the  t e rm 

of the loan. 

annualized 

Converted into an annuity over the system lifetime. 

may also be applied to a factor that facilitates such a conversion, such 

a s  the "annualized fixed charge rate. Annualization is denoted in this 

methodology by placement of a bar over the symbol that represent9 the 

present value of the s t ream of cash flows that is to be annualized. See 

This adjective 

1 1  

I 1  I 1  annuity. 

annualized cost 
11-11 Equivalent uniform annual cost. See AC . 

annualized fixed charge rate  
11- See FCR". 

annuity 

A st ream of uniform periodic amounts over a specified period of time. 

In creating LF annuity equivalent to X, the uniform periodic amount is 

found a s  the product of X and the appropriate capital recovery factor. 

See "annualized". 

base year 

- 
BBEC = levelized busbar energy cost 

That price per unit of energy which, if held constant throughout the life 

of the system would provide the required revenue, assuming that all 

cash flow interim requirements or  excesses a r e  borrowed or invested 

at the uti l i ty 's  internal rate of return. 
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BSt. BS,, = bond sales  

The revenue derived from selling bonds in period t; o r  the present 

value thereof. 

CAPr = rated system capacity 

The load for which an energy system is rated. 

quantity and the attained capacity factor (CFa) 'determine annual system 

energy output ( M W H ~ ) .  See "CF, , 

The product of this 

11 1 1  M W H ~ " .  

capacity factor 

The ratio of the average load on a machine o r  equipment, for the period 

of t ime considered, to the capacity rating of the machine O r  equipment. 

See "cF~". 

capital recoverv factor 
I t  

k ,N ' See "CRF 

capital structure 

See "capitalization ratios". 

capitalization ratios 

The ratios of debt, preferred stock, and common stock equity to the 

total capitalization of the utility that will  own the system under 

evaluation. 

CF, = attained caDacitv factor 

The ratio Jf the average load (over a year) on an energy system to the 

rated system capacity. 

weather and load variations, a s  well as  energy losses due to systeni 

outage, both scheduled and unscheduled. 

Estimates of this quantity should reflect 

C4, C S v  = capital investment 
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,ost of capital, weighted average, after tax 

The average effective interest  rate faced by the owning utility when it 

obtains capital. See "k" in "rates of return'' and compare with 

internal rate of return". II 

cost, levelized busbar energy - 
See "BBEC ''. 

cost, life- cycle - 
See "LCC". 

costs, system- resultant 

Costs that (would) result from construction of the system, operation and 

maintenance of the system throughout its lifetim-e, removal of the system, 

or  any other costs that would not occur if  the system were not installed. 

CRFk N = capital recovery factor 

The uniform periodic paymeiL, a s  a fraction of the original principal, 

that will fully repay a loan, including all interest, in N periods a t  an 

interest rate of k per period. 

is one year.)  See Eq. (B. 36) for the computation formula. 

(The period used in this methodology 

C/-J = common stock fraction - 
See "capitalization ratios". 

= Yco - Yb 

The number of years  between January 1 of the base year for cmstant 

dollars and January 1 of the year of f i rs t  commercial operation. 

discount rate 

The interest rate used for computing present values, reflecting the 

fact that the value of a cash flow depends upon the time at which that 

flow occurs. 
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dollars, constant 

A unit of measure of value that is invariant with respect to time. 

particular, constant dollars and current dollars a r e  synonymous on 

Jar.uary 1 of y 

In 

b' 

dollars. current 

A unit measure of value. 

of current dollazs associate? with a fixed real  value grows with t ime 

at  the rate  of inflation. Current dollars a r e  thus relevant only to a 

particular paint in time. When specified explicitly, that time is 
January 1 of yt. 

Due to the operation of inflation, the number 

DPFm k n = depreciation factor 

The present valce of depreciation claims a s  a fraction of original value. 

This quantity is a function of the method of depreciation used (m), and 

the values employed for discount rate (k) and accounting lifetime (n). 

D/V = debt fraction 
~~~~~ 

See "capitalization ratios". 

equivalent uniform annual cost 

escalation 

Refers to the change in the price of a specific commodity or  service 

with time. 

in the general purchasing value of money, and changes in the "real" 

price of the commodity or  service which might result from changes in 
demand, production processes, scarcity of raw materials, or other 

factors. See "inflation". 

This change is the result of two primary factors: changes 
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escalation ra te  

See "g" . 
The fraction per year at which escalation takes place: the difference 
in prices (from one year to  the next) divided by the earlier price. 

expected annual energy output 

See " M W H ~  . I* 

- 
FCR = annualized fixed charge rate 

The factor by which the present 

must be multiplied to obtain the 

to the annualized cost. 

financial adius tm ent 

value of capital investment (CI ) 
PV 

contribution of capital inve s tment 

The correction of the initial value of a cash flow (i. e. , Xo) for the time 

effects of expenditure growth and compound interest. Initial values and 

present values are defined as of the beginning of the year, while cash 

outflows are assumed to occur a t  the end of the year. Financial adjust- 

ment reflects the influence of escalation 2nd discounting within the y e a r .  

Thus, P V  (Xo} = Xo ( 1  t g)/(l tk). 

FLt ,  FLBv = fuel cost 

The recurrent cost of the fuel required to operate the system. 

cost  category does not include the costs of the fuel used in maintenance 

vehicles, etc. 

as appropriate. 

This 

Those expenses should be reported under MNT or  OP, 

g= growth rate - 
The rate  of increase of a category of expenditures, which represents 

the sum of the applicable escalation rate  and the rate  of "real" growth. 

Real growth refers to an increase in expenditures o r  consumption of a 

larger  quantity of a comniodity o r  service, a s  opposed to an expenditure 

increase due to an increase in price.  

for  icstructions on using g). 

(See part  B. 4 .4  of Appendix B 

A- 6 



GEC = general economic conditions 

inflation 

Refers to the change in the general purchasing value of money with 

time. This change can result  f rom changes in the supply of money, 

changes in patterns of demand, changes in the effectiveness of the 

utilization of the factors of production, changes in the availability of 

raw materials,  etc. 

of a very large number of escalation ,:ates. 

Inflation can be thought of a s  d weighted average 

INSt = insurance premiums 

inter e st ra te  

The proportionate change in face value o r  the proportionate dividend 

(or some combination thereof) of a real  0:  potential investment Luring 

a period of one year. 

internal ra te  of return 

The average interest  ra te  which can be obtained by the utility on invcst- 

ments within the compdny. See "k" in "rates  of return". One of the 

objectives of the regulatory process is to maintairl equivalence betwee:: 

the internal ra te  of return and the "weighted average after-tax cost oi  

capital, 'I 

INTt = interest  Daid on corporate bonds 

j = yt  - Y,, 4 - 1  

The number of years,  fo r  purposes of financial adjustment, between 

December 3 1  of a particular year and January 1 of the f i r s t  year of 

commercial  operations. 
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k = the utility's internal rate of return 

Due to the regulatory proccss, k is also the "weighted average, after-  

tax cost of capital." 

See "rates of return". 

= common stockholders' rate of return on in-.eetment 

See "rates of return". 

kd = interest  rate on corporate debt 

See "rates of return". 

kp = preferred stockholders! rate of return on investment 

See "rates of return". 

LCC = life-cycle cost 

The present value, as of the year of first commercial operation, of 

the sum of all system-resultant costs. 

levelized busbar energy cost - 
See "BBEC ". 

levelized cost 

An annualized cost divided by the expected annual energy output, 

resulting in a cost per unit of energy. 

life-cvcle cost 

See "LCC". 

MNT, = annual maintenance cost as of yco 

The initial term of the distribution of 

the system, expressed as of January 

cash flows for maintenance of 

1 in y 
COO 
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MNTt, MNTpv = maintenance cost 

The recurrent cost of maintaining the system, or the present valtle 

thereof. 

MWHA = expected annual elrzrgy output 

The total amount of energy which the system is expected to produce in 

a year, assumed in the methodology to be the same for each year of the 

system lifetime. This quantity should result f rom a system performance 

simulation, and should reflect energy losses due to system outages and 

other causes. It is discussed in detail on pp. III- 14 and III- 15. 

N = system lifetime 

The number of years that the  system under consideration will be in 

operation before it must be replaced. Major overhauls o r  replacement 

of subsystems may be required during this period. 

that the system lifetime is the time horizon of the present system 

evaluation methodology. 

It should be noted 

n = accounting lifetime 

The asset  lifetime used for the purpose of computing depreciation 

charges. Can be less than o r  equal to N, the system lifetime assumed 

for computing amortization charges. (Used only in Appendix E.) 

O P  = annual operating -ost as of y 

The initial term in the distribution of cash flows for operating the 

system, expressed a s  of January 1 in  y co' 

Opt, OP,, = operating cost 

The recurrent cost of operating the system, or  the present value thereof. 

OTt = other (non-income) taxes 
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P = Yco - Yp 

The number of years from the beginning of the price y e a r  to the 

beginning of the first y e a r  of commercial operation. 

PDPt = provision for debt retirement 

Annual allocation to  a sinking fund which will be used to retire corporate 

bonds. 

the utility that will own the system. 

The appropriate interest ra te  is the internal rate of return of 

present 

The "present" in "present value" calculations in this methodology is 

January 1 of y the first ysar  of commercial operations. c 0' 

present value 

The present value of a cash flow is its real  value adjusted for the inter- 

es t  that could be earned, o r  must be paid, between the time of the actual 
flow and the specified "present" time. 

Drice vear 

See "y I f .  

P 

pv (subscript) = present value subscript 

This subscript denotes the present value of the s t ream of c a s t  flows 

represented by the subscripted symbol. 

Pv { } = present value operator 

This notation implies the present value of the cash flow o r  flows within 

the braces. 

P / V  = preferred stock fraction 

See "capitalization ratios". 
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ra tes  of return (k, h, kp, k) 

k = The interest rate which can be obtained or  which must be paid by 

the  utility owning the system being evaluated. 

kc = The interest ra te  which must be provided to the holders oi common 

stock. 

kd = The interest  rate which must be paid to the holders of corporate 

debt. 

kp = The interest rate which must be provided to the holders of 

preferred stock. 

(See "required revenue".) 

recurrent costs 

Costs associated with the operation of the system that occur throughout 

the life of the system. See "0Pt", "MKT,", and "FL,". 

REPt = return of equity principal 

Annual allocation to a sinking fund which will be used to return the 

principal of common and preferred stockholder ' s investments. These 

allocations may be paid di:.-ectly to the stockholders, reinvested by the 

system-owning utility, o r  some combination thereof. The appropriate 

interest  rate for the sinking fund is the internal rate of return of the 

ut i l i ty  that will own the system. 

required revenue 

The revenue that must be obtained from the operation of the system 

being considered so that all costs (including the specified rates of 

return) can be paid. 

return, rate of 

See "rates of return". 

REVt, REVpv = revenues from the sale of energy produced by the system 
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SDD = svstem descriDtion data 

SEt = stock earnings 

The return on (but not of) investment to  holders of common and 

preferred stock. 

SFFg  N = sinking fund factor 
~ ~ ~~ 

The uniform annual payment, a s  a fraction of the  final balance, that 

will accumulate to that  final balance in N years  at an interest  rate of k. 

sinking fund factor 
See " s F F ~ ~ , ~  t l  . 

SSt, SS,, = sales of stock 

statutorv tax ra te  

An alternative interpretation of "T", to be used when tax preference 

is handled explicitly. (Used only in Appendix E.)  

svstem lifetime 

See "N". 

system resultant costs 

See "costs, system resultant". 

t (subscript) = particular year subscript 

This subscript denotes the cash flow of the indicated type during the 

year yt (treated in this methodology as if it occurred on Dicember 31 

of Y t ) .  

TXt = corporate income taxes 
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UDD 

See "utility description data". 

utility description data 

This t e rm encompasses the "capitalization ratios" of the f i rm,  the 
19 II lip,", llP,'1) rates of return'' and the tax and insurance ra tes  ( see  T , 1 1  

which the f i rm  must pay. It a lso incorporates N a s  the t ime horizon 

for  financial decisions. 

V = total capitalization of the owning utility. 

See "capitalization ratios". 

value, present 

See "present value". 

weighted averzge, after-tax cost of capital 

See "cost of capital, weighted average, after tax". 

Xo = initial value of Xt 

The cash flow of type X in yco, expressed as of January 1 in  yco. 

Xt, Y t  = the annual amounts of arbi t rary s t reams of cash flows 

These symbols a r e  used in Appendix B in equations that apply to any 

s t ream of cash flows, especially Opt, MNTt, and FL,. 

Yb = base year for constant dollars 

Pr ices  computed in the methodology a r e  reported in t e rms  of constant 

dollars,  which correspond to the current  dollar price a s  of January 1 

Of Yb' 
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yco = the year of first commercial operation 

The methodology assumes that power generation s t a r t s  on January 1 

of yco, and that the first revenues a r e  received on December 3 1  of 

value calculations. 

January 1 of y is  defined to be the "present" for all present 
YC-0 .  co  

yp  pr ice  year of an expenditure 

Pr ices  used in the methodology a re  supplied a s  of January 1 of the 

years  for which the most accurate values a r e  available. 

a r e  denoted y 

for which prices a r e  suppiied. 

These years 
and need not be the same for  different cost elements 

P' 

y t  = the year of a particular cash flow 

The methodology assumes that the cclsh flow takes place on December 31 

of y,. The present value of the flow is, however, related to January 1 

of Yco '  
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APPENDIX B 

DERIVATION OF EQUATIONS USED IN THE METHODOLOGY 

B. 0 INTRODUCTION 

The purpose of this appendix is to  provide mathematical derivations of 
the equations used in the methodology to compute comparative cost figures for 

alternative system designs. The context in which such comparisons a r e  mean- 

ingful has been thoroughly discussed in Section II, Approach, and will not be 

repeated here. 

Appendix A, Glossary. 

The symbols used in this appendix a r e  carefully defined in 

Section B. 1 develops an expression for the life-cycle cost of a utility- 

owned system, including taxes, interest, and return to equity. This quantity 

is also identified as the present value of the revenue stream required to recover 

that cost. 

rate, which can be used to determine the contribution of total capital investment 

to the annual "installment" on life-cycle cost. Section B. 3 develops an expres- 

sion for the levelized busbar energy cost, which equals the full annual install- 

ment divided by annual output, measured in constant dollars. 

Section B. 2 develops an expression for the annualized fixed charge 

Section B.4 contains a discussion of the calculation and properties of 

present values. Sections B. 5 and B. 6 contain formulas for computing present 

values of capital investment and of recurrent costs, respectively, in the 

presence of cost escalation. 

B. 1 REQUIRED REVENUES AND LIFE-CYCLE COST 

The purpose of this section is to determine what revenue must be pro- 

vided by the operation of a system to exactly meet all  of the financial obliga- 
tions associated with that system, including taxes, interest, and a specified 

return to equity holders. It i s  assumed that the system being considered i s  

owned by a regulated utility. It i s  further assumed that the construct:on and 

operation of the system can be treated as  i f  i t  were a finite-lived project which 

the owning utility undertakes for the dual purposes of providing service to i ts  

customers and of converting investors ' capital into a stream of repayments 

which include competitive rates of return. 
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The cash flows associated with this system throughout its life-cycle 

a re  illustrated in Figs. B. 1 and B. 2. 

line, cash inflows (revenues) above the line. The "required revenue" is that 

revenue for which the sum of all of these cash flows is ,  in some sense, exactly 

equal to zero. Equal and opposite cash flows that occur at different t imes,  

however, do not "sum" to zero,  for the ear l ie r  flow either accrues o r  requires 

the payment of interest. 

t e rms  of their "present values" a s  of a specified point in time. 

that point is taken to be the s ta r t  of commercial  operations. 

Cash outflows a re  represented below the 

Cash flows at different times can be compared in 

In this analysis, 

In order  to compute the present value of a cash flow, the appropriate 

interest  rate must be used. If it is assumed that any temporary imbalance 

between current revenues and current expenses is made up by, o r  invested in, 

the parent company, the appropriate interest  race is the internal ra te  of return 
realized by the parent company. Since that company is assumed to be a regu- 

lated utility, the internal ra te  of return is assumed to equal, a s  a result  of the 

regulatory proce - 
by Eq. (B.1). 

the weighted average after-tax cost of capital, k, defined 

k = ( l -T )kd  7 D t k c  7 C t k p  P 

START OF 
C OMMERC I AL 

POSITIVE CASH FLOWS OPERATIONS 

END OF 
COMMERCIAL 
OPERATIONS 

0 1 N-2 N-1 N 

NEGATIVE CASH FLOWS 

SALES OF 
STOCKS AND 
BONDS 

CAPITAL 
EXPENDITURES 

OPERATIONS POSITIVE CASH FLOWS 

END OF 
COMMERCIAL 
OPERATIONS 

0 1 N-2 N-1 N 

NEGATIVE CASH FLOWS 

SALES OF 
STOCKS AND 
BONDS 

CAPITAL 
EXPENDITURES 

TIME 

Fig. B-1. Investment Cash Flows. 
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REVENUE S 

\ 

0 

EXPENSES 

INTEREST 
T 

STOCK 
EARNINGS I ON BONDS- 

OTHER 
FIXED 

T 
REDEMPTION 
OF BONGS 

\ 

EXPE NSE S 

Fig. B-2. Operating Cash Flows. 

Fo r  the case of a municipal utility, there i s  no income tax liability, and capitali- 

zation is typically debt only (i. e., D/V = 1; T, C/V, and P/V a r e  zero). 

k is simply the cost of debt to the public borrower: 

Thus, 

The condition that the present value of all positive cash flows must 

equal the present value of all negative cash flows is given by Eq. (B. 2). 

P V  [REVt  t BSt t SSt I =  PV 1 CIt t SE, t REPl t INT, t PDRt t TXt t OTt 

t INS, t OPt t MNTt t FLti t (B. 2) 

Not only is the net present value of all cash flows constrained to zero, 

but the same constraint applies to the investment cash flows by .hemselves. 

That is ,  i t  i s  assumed that just enough stocks and bonds sold by the parent 

B- 3 



company are allocated to  provide the capital needed for this project. 

assumption is expressed mathematically by Eq. (B. 3). 

This 

CI = BS t SS 
PV PV PV 

The income taxes paid for  t ime period t, assumed to be paid at the 

end of that period, are defined by Eq. (B.4). 

Equations (B. 3) and B.4) can be used to restate Eq. (B. 2). Omitting 

the intermediate algebra, the resul t  is Eq. (B. 5). 

REV = P V  I & (SEt t REPt + PDRt  - T DEPt  
PV 

t) 1 t INSt t Opt t MN'Zt t FL 

The required earnings on stock can be approximated in t e rms  of the 

shares  of CI 

return. 

raised by the two kinds of stock, and their known ra tes  of 
9 pv 

C P SEt = k - CI t k  - CI 
c v  PV P V  PV 

9Equations (B. 6) and (B. 7 )  res t  on the  same implicit assumption as Eq. (B.1)  - 
that increases in  the capital investment of the f i rm will be financed by main- 
taining the same proportional mix of financial instruments a s  in the overall 
capitalization ratios. 

R - 4  



Similarly, the equivalent uniform annual payment of interest  on bonds is given 

by Eq. (B.7). 

D INTt = k d T  CI 
PV (B. 7) 

The equity principal must also be returned from revenues derived from 

the project. The actual dis~ioattion of this return is a decision of t h e  parent 

company: it may choose to add the amount to dividend payments, in which case 

the equity of the stock will be zero a t  the end of the project; it may choose to 

reinvest the amount in other projects, in which case the stock equity will remain 

constant; o r  it may choose some combination of these. 

increase if the parent company retains and reinvests a portion of the stock 

earnings in other projects.) Regardless of which decision is taken, the equiva- 

lent annual amount that must be allocated to the return of equity principal is 

given by Eq. (B. 8). 

(The stock equity will 

k, N 
REP, = - CI  SFF 

V PV 

V I  where SFF is the "sinking fund factor, defined as:  
k, N 

k i f k f O  
SFF I { ( l t k ) N -  1 

k, N 
1 /N i f k  = 0 

(B. 9 )  

The appropriate interest rate to use in the sinking fund factor is the internal 

rate of return, which, again due to the regulation of the company, equals the 

weighted average after-tax cost of capital, k. 

a r e  reinvested in other projects, and earn interest at the internal rate of 

return. ) 

(It is assumed that these  funds 

The project must also be prepared to re t i re  the debt portion of CI 

The equivalent uniform annual amount 
P V  

at the end of the system lifetime, 

that muot be allocated to debt retirement is given by Eq. (B. 10). 

B- 5 



(B. 10) P D R t  = - D CI SFFk,N v PV 

Straight-line depreciation is assumed in this model.' The equivalent 

uniform annual allowance for depreciation claimed against taxable income is 

defined bv Eq. (B. 11). 

DEP, = CIpV/N (B. 11) 

It i s  assumed that other (non-income) taxes and insurance premiums 

can be approximated a s  .onstant multiples of the present value of the total 

capital investment. These asoumptions a r e  stated by: 

Substitution of Eqs. (B. 6) through (B. 12) into Eq. (B. 5), foliowed by 

some algebraic manipulation, yields Eq. (B. 1 3) .  

C ' t C t P S F F  t - S F F k  D - 2) ci 
V k V  PV 

R E V  = P V  I 1  , j y - - ( k C y t k p ~  - 
P V  

Further manipulation, using the fact that C t P t D = V and the fact that the 

present value of a uniform ser ies  of amounts is e q k d  to t h a  uniform amount 

divided by the capital recovery factor, produces Eq. (B. 14). 

"See Appendix E for a generalization of the fixed charge rate  to consider tax 
preference, including liberalized depreciation. 
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t O P  i M N T  t FL (8.14) 
PV PV PV 

Again, the Appropriate iderest rate for  the capital recovery factor is the 

internal ra te  of return, as indicated by the subscript k, 

The system life-cycle cost is defined as the present value of the sum 
of all  of the system-resultant costs. Since, a s  expressed by Eq. (B. 3), there  

is no net investment outside the project, the present value of the revenue 

s t ream must just  equal the life-cycle cost, as stated by Eq. (B. 15). 

LCC = REV (B. 15) 
PV 

Equation (B, 1) can be used to simplify Eq. (B. 14). 

performed, the identity 

When that step has been 

C R F k S N  = Sr'F k , N + K  (B. 16) 

(which holds for any interest rate) can be used to further simplify the expres- 

sion. 
in current (yco) dollars, a s  Eq. (B. 17). 

Finally, using Eq. (B. 15), the system life-cycle cost may be expessed ,  

(B.  17) 

B- 7 



B.2 ANNUALIZED COST 

Computation of the present value of a distribution of cash flows 

collapses'' that distribution to a single number. For a spe Iified interest  ra te  
and time origin, and a given distribution of cash flows, this number is unique. 

The inverse operation, however, is not unique: for  any given present value, 

interest rate, and time interval, there are an infinite number of "equivalent" 

cash fiows." A st ream of uniform annual amounts over the life of the pr ject, 

expressed in constant y dollars, has been selected to represent the requ:red 

revenue distribution in  this methodology. 

annualized cost ( AC )m with present value equal to LCC, calculated for the 

same system lifetime. 

value of required revenues (or equivalently the life-cycle cost) by the capital 
recovery factor and adjusting back to yb dollars. 

1 1  

b 
The result is an annuity, defined a s  - 

This annuity is obtained by multiplying the present 

k? 
= ( l t g ) ' d  REV * C R F  

PV 

where g is the gene. 11 level of inflation, 

Using Eq. (B. I f ) ,  the equivalent 

as Eq. (B. 19). 

(B. 13) 
ka N 

= ( 1  t g)-d LCC CRF N 

and d e yco - yb. 

uniform annual cost may be expressed 

t CRFk [OFpv t MNT t FLPv], 1 
? -  PV 

(B. 19) 

For a firm (o r  group of f i rms)  Nith a given economic environment, 

such  that the values for T ,  p l ,  p,, and k, a r e  constant, the application of 

Eq. (B. 19) to comparison of various candidate energy systems with the same 

"Strictly speaking, this statement i s  true only if the time interval is greater 
than one period and money can be infinitely divided. 
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t ime horizon, N, can be further siniplified by identifying the first t e rm in 

brackets as the annualized fixed charge rate, FCR. 
- 

- 
t M N T  t F L  8 

k,N (oppv PV PV 
AC = ( 1  tg)'d [ m a  CI t CRF 

PV 

(B. 20) 

Comparison of Eq. (B. 20), which implicitly defines the annualized fixed 

charge rate, with Eq. (B. 19) gives Eq. (B.21). 

(B.21) 

B. 3 LEVELIZED BUSBAR ENERGY COST 

With all of the system-resultant costs expressed on an annual basis in 

constant y dollars by Eq. (B.20), the last requirement for a measure of cost 

per unit of energy is an expression for annual energy output. Since the determ- 

ination of expected annual output of the candidate solar energy systems requires 

a detailed analysis of the specific design and application, expected annual out- 

put is represented here  in only a summary fashion, by the symbol MWHA. 

b 

- 
The levelized busbar energy cost, denoted BBEC, is that price per  

unit, expressed in constant y dollars, which, if held constant throughout the 

life of the system, wodd just  satisfy the life-cycle revenue requirement. It 
can be obtained by dividing the annualized cost, given by Eq. (B.20), by the 
expected annual energy output. 

b 

The result is Eq. (B.22). 

(B. 22) 
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A s  discussed in par t  III. C. 7 of Section 111, it is important that MWHA 
be a realist ic estimate of the annual amount of available, usable energy to  be 

obtained from the system. 

output must be adjusted for  variations in insolation, system availability, and 

load. 

Thus, in computing MWHA, theoretical system 

B.4 PRESENT VALUES - CALCULATION AND PROPERTIES 

B.4.1 Reference Periods 

The methodology presented here  t reats  t ime a s  a succession of discrete  

periods, ra ther  than as a continuum. A s  is conventional in financial analysis, 

cash flows corresponding to a particular period are considered to  occur a t  t he  

- end of that period. 

system evaluation, the financial significance of these flows is considered as 

of the beginning of the first year  of commercial cperation. 

However, since t h i s  methodology is intended a s  an aid to  

The reference y e a r  for  cost input data is the y e a r  for which the best 

data a r e  available. 

the escalated numerical value of each inpct as of the  beginning of the f i r s t  year  

of commercial  operation, and adjusts the final output back to constant y 
This procedure ensures consistency in the method of compounding o r  discount- 

ing, and in the  units in which costs a r e  expressed. 

The methodology itself undertakes the  task of estimating 

dollars. b 

B.4.2 The Present  Value of a Single Cash Flow 

While the reference year  for prices is the year for which t h e  best cost  

data i s  available, intermediate present value calculations are keyed to the year  

of first commercial operation, typically several  years  la te r  than the price 

year.  There a re ,  therefore, three t ime periods applicable to computing the 

present value of a given expenditure, identified as:  

the price year 

the year of f i r s t  commercial operation 

the year of a particular expenditure 

yP 

y c 0 

Yt 
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Combining the escalation and discodnting processes  into a single 

expression gives Eq. (B.23) for the present 

of a single cash flow, where the cash flow, X is expressed in y 

- h e  (expressed in y 

t P 

dollars) c o  
dollars. 

(B. 23) 

where K is the discount rate, and gx is the appropriate escalation rate. The 
" t 1 "  t e rm in e a  h exponent reflects the conventions of beginning-of-the-year 

measurement of end-of-the-year cash flows. (Thus, Xt should be multiplied 

by (1 tg,)/(l t k ) ,  even if yt - - Yp = YCJ. 

Using the following definitions, 

- yP P = Yco 

we can rewrite Eq. (B. 23) in a more convenient form as Eq. (B. 26). 

(B. 24) 

(B. 25) 

(B. 26) 

5.4.3 The Present  Value Operator 

The present value operator, used in Section B. 1, was introduced to  

represent the operation of summing the present values of each of the cash 

flows in a distribution of such flows. Thus, by definition, 

(B. 27) 
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Since Eq. (B.27) is a l inear (with respect to  the X t ' s )  combination of the 

individual cash flows, the following mathematical properites of the present 
value operator are immediate: 

P V  I x + Y t l  3 P V l X  ' t P V i Y t )  I t  
I t  I t l  (B. 28)  

(B. 2 9 )  

These properties were used in the derivation of Eq. (B. 5), (B. 13), and (B. 14). 

B.4.4 The Present  Value of a Growing Series  of Amounts 

An important c lass  of cost s t reams dealt with in this methodology are 

This "uniformity" can be the result  of any those that grow at a uniform rate. 

of several  processes,  among which are: 

(i) Constant outlays in real  t e rms ,  growing in nominal t e r m s  at a 

constant ra te  of escalation. 

(ii) Ou 

at a ra te  which equals the sum of the ra te  of escalation and the 

ra te  0: real  growth. 

i y s  growing in real  t e rms ,  and thus growing in  nominal t e rms  

12 

In any case, consider a series of cash flows described by Eq. (B. 30). 

where 

Xt = cash flow in year  y 

X = cash flow in year  y expressed in y dollars 

= constant raLe of growth of expenditures. 

expressed in yt dollars t' 

0 co' P 

gx 

"If i t  i s  desired to model this phenomenon, thc user of this methodology must 
take note of the fact that no real growth in costs will take place pr ior  to yco, 
so that the value used for g, will differ in the two places i t  i s  used in  
Eq. (B.30). 
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As in Eq. (B.26), the present value of the jth t e rm may be obtained by 

dividing Xt by (1 +kd. 

geometric series.  

Eq. (B. 31) gives the present value, expressed in 

dollars, of the entire cost stream, by using Eq. (B.27) ,  a s  a sum of a yco 

if k f gx 

(B .  32) 

gX i f k  = 

The sum can be expressed in closed form a s  Eq. (B. 32). 

(B. 31) 

B . 4 . 5  The Present Value of a Uniform Series of A ~ L  ~ Its - -  
The derivation of Eq. (B. 14) used the present values of several  uniform 

ser ies  of amounts, which is a special case of Eq. (B.32) ,  with g, = 0. 

if 
Thus, 

(B. 33) 

then 

i f k  # 0 

i f k  = 0 

( B .  34) 
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But the multiplier fo r  

capital recovery factor for a discount ra te  of k acting over N periods. 

in Eq. (B. 34) i s  simply the reciprocal of the tabulated 

Thus, 

where 

- x = X/CRFknN 
PV 

( k / [ l  - (1  t k)-N] i f k f O  

CRFknN 'I l lN 
i f k = O  

(B. 35) 

(B. 36)  

Equation (B. 35) also supplies the answer to the inverse problem of 

annualizing a present value - i. e., converting a present value to a uniform 

s t ream of cash flows extending over the system life. 

is the product of the present value and the capital recovery factor (as  in 

Eq. (B. 18)): 

The equivalent annuity 

(B. 37) 

B. 5 THE PRESENT VALUE OF CAPITAL INVESTMENT, CI 
PV 

Capital investments are distinctive in that they precede f i r s t  commer- 

The appro- cia1 operation - all other categories of expenditure begin a t  y 
priate adjustment for  cash flows pr ior  to  the reference period for present 

value is compounding instead of discounting. 

interest  accrued during construction. 

expenditures will occur during the system lifetime (for subsystem overhaul 

o r  replacement), and these expenditures should be discounted. Equation (B. 26) 

i n  the previous section provides the flexibility for both of these situations. For 

original investments, the value of j will be negative (or  zero) to reflect com- 

pound interest; for in-life replacement investments, j will be positive, reflect- 

ing discounting. When yt = 

equivalence between the face value of an amount on December 31 and i ts  

present value the next day. 

co' 

The adjustment then reflects 

It i s  also quite possible that capital 

- 1, the value of j will be zero, reflecting the yco 
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The formula for the present value of capital investment, therefore, is 

given by Eq. (B.38). 

CI PV = ( 1  t g c P  c [ c I t ( s y ]  
t 

(B. 38) 

where p and j a r e  defined in Eqs. (B. 24) and (B.25), CI is expressed in t 
dollars, and the summation is performed for  all  years  in which C+ i s  not 

yP 
zero fo r  the system being considered. 

lation rate for  all years and all  subcategories of CI. 

relaxed, if necessary.  

Eq. (B.40)] for a time-varying escalation rate. If g differs among c lasses  

of investment expenditure, the formula can be evaluated for  each c lass  with 

a distinct rate. 

all CI 

This formula assumes a constant esca- 
This assumption can be 

A "running product" of ( 1  t gc) can be kept [see 

C 

Since present values a r e  additive [see Eq. (B.28)], the over- 
is just  the sum of the present values of these classes .  

PV 

B. 6 THE PRESENT VALUE O F  RECURRENT COSTS (OP, MNT, FL) 

Recurrent costs a r e  those costs associated with system operation that 

occur throughout the system lifetime. In particular, the recurrent  costs 

identified in this methodology a r e  the system operating cost during each y 

denoted Opt; t h e  s' si.em mainttnance cost during each y 

the system fuel cqst diirlng each y , denoted FL,. 

t' 
denoted MNTt; and t' 

t 

If these casts  C ~ O  be approximated a s  growing a t  a uniform rate,  then 

present values , .an be obtained from Eq. (B. 32) of the previous section, using 

the appropriate growth rate. That expression is repeated here  a s  Eq. (B. 39). 
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where 

X is replaced by OP, MNT, o r  FL, as appropriate 

is the cash flow in y expressed in y dollars 

is  the appropriate uniform escalation rate 
xO c 0' P 

gx 
k is the discount rate 

N is  the system lifetime 

If the assumption of a uniform growth rate  is not satisfactory, then the 

present value must be computed by Eq. (B. 40), which follows from Eqs. (B.  23) 

through (B.27), and is exactly analogous to Eq. (B.38). 

where 

X, a s  in Eq. (B.39), is replaced by OP, MNT, o r  FL  

X is the cash flow in y expressed in y dollars.  
t t' P 

(B. 40) 
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APPENDIX C 

COST ACCOUNT STRUCTURE 

The cost account s t ructure  to be used in applying this methodology 

should be that developed by the Energy Research and Development Administra- 

tion (ERDA), bazcd on the structure used by the Atomic Energy Commission 

(AEC), extended to include accounts to accommodate cost  elements such a s  

solar a r r ays  and energy storage subsystems not found in conventional power 

plants. 

The ERDA cost account structure has not yet been published: interim 
guidelines a r e  given in Section IV, Cost Account Structure. This appendix gives 

a detailed illustration of a cost account s t ructure  developed for solar  thermal 

power systems by the Aerospace Corporation. 

The developed cost estimates should reflect the cost of al l  hardware 

and services based on how much that equipment o r  service would cost a s  of 

January 1 of the year for which the most accurate estimate can be made. 

A s  an example, if  preparing a cost estimate of a turbine generator, the cost 

estimate that i s  used should be based on today's cost, not the cost of the 

equipment based on future purchase prices.  The estimate should inciude 

the purchase price, set  up and assembly, transportation, etc. 

The purpose of the cost account structure i s  to provide a uniform 

format for reporting costs to ensure that all relevant i tems a r e  included and 

that cost estimates for different system designs a r e  categorized in the same 

fashion, even when obtained from different contractors. 

C. 1 COST ACCOUNT STRUCTURE - ILLUSTRATION 

Each account is identificd by a six-character code, as  indicated in 

Figs. C- 1 and C-2 and in Table C- 1 .  

include cost estimates,  price years,  and, if applicabie, narratives.  

Data to be supplied for each account 
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Table C-1. Illustrative Cost Accounts. 

xx 1000 Central Receiver Power Plant 

This account includes all the elements that 

comprise a central reccivcr power plant. It 
contains all  the subsystems that directly make 

lip the plant hardware and equipment and also 

includes land, spare  parts, contingencies, 

and indirect costs. 

xx2000 Land Acquisition 

xx2100 

XX2300 

This account inchdes the cost of locating the 
utilities and buildings on the proposed site, 

and includes Jand purchase, surveys, clearing 

costs, etc. 

the costsfor preparing the site for a subsystem 

element (e. g., site preparation for collector 

fmndation will be allocated tu that peculiar sub- 

s) stem element). 

Not included in this element a r e  

Structures 

This account includes all structures and 

tacilities required for the ccnventional por- 

tion of power plants, including turbine gen- 

e rator building , administrat ion building, etc. 

Not includetJ in this account a re  the costs for 

structures required for the central receiver 

towers, collectors, o r  other special construction 

facilities. 

- 

Turbine Plant E aent 
_. - - 

This account includes generator equipment, 

turbine equipment, instruments and controls, 

condensing systems, cooling towers and water 

circulating systems, ctc. 
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Table C -  1. Illustrative Cost Accounts (Cont'd). 

XX2400 Accessory Electrical Plant Equipment 

This accutd.  includes power conditioning, 

switch gear, station service equipment, 

wiring conditioning, power dis t r i but ian, 

controls, computer equipment, software, 

etc. 

XX2500 Miscellaneous Plant Equipment 

This account includes transportation, com- 

munications, furnishings and fixtures, and 

environmental contro 1 systems. 

XX2700 Collector Equipment 

This account includes all items related to 

the central receiver heliostats and includes 

reflective surfaces, insulation, structural 

and foundation supports, heliostat drive unit, 

and =ny control units. 

XX2800 Receiver Equipment 

This account incl*ides all items related to 

the receiver, including the tower. This 

account includes the receiver unit, receiver 

support structure,  downcomer, r i se r ,  control 

units, and the tower support structure. 

XX2900 Thermal Storage Equipment 

This account includes the storage equipment 

in support of the central receiver plant and 

includes the thermal storage structural unit, 

heat exchangers, piping, valves, fittings, 

pump, and control units. Excluded from 

this account is the heat transport material. 
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Table C- 1. Illustrative Cost Accounts (Cont'd). 

XX3000 Thermal Storage Materials 

This account includes only the cost of the heat 

trans port material. 

XX4000 Spare Parts  

This account includes all  spares  utilized for 

the central  receiver power plant during its 

operational lifetime. 

XX4 1 00 Contingency 

This account applies to all  direct costs 

assoziated with the central receiver power 

plant. 

XX9000 Ind i r e  c t Costs 

This account contains all cost elements 

exclusive of the fabrication, checkout, and 

assembly of the central receiver power plant. 

It includes any special construction facilities, 

architect /engineering services , special pro- 

fessional services,  training and plant s ta r t -  

up, and any owners' general and administration 

costs.  
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APPENDIX D 

NUMERICAL ILLUSTRATION 

k = ( 1  - 0.40) ( 0 . 0 8 )  ( 0 . 5 0 )  t (0.12) (0.40) t (0.08) (0.10) = 0 .08  

This appendix contains an example, for illustration only, of the use of 

the methodology to compute levelited busbar energy cost. 

photovoltaic central  power plant is used for this example, it should be under- 

stood that both the configuration and the costs of this  system have been chosen 

for clarity of illustration, and not as representative of actual systems. 

hypothetical system description data (SDD) is contained i n  Table D. 1. 

the uniform account structure is not illustrated. 

While a 200-MW 

The 

Use of 

(De 1) 

The weighted average after-tax cost  of capital (kl, used a s  the discount 

rate i n  all  present value calculations, and a s  the interest rate (internal rate of 

return) for all sinking fund calculations, is found from Eq. (B. 1): 

D C P k = ( 1  - T )  k d 7 t  k c F t  k - 
P V  

Inserting the values for the nominal case (listed in  Table 1, page 111-6): 

The capital recovery factor (CRFk,N) is found from Eq. (B. 36):  

(B. 36) 

Inserting the nominal system lifetime (30 years)  for N, and t h e  value 

of k obtained above, the value for the capital recovery factor is: 

O o o 8  = 0.0888 CRFk, N = 1 - 0.09938 
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Table D- 1. Hypothetical System Description Data for  
200-MW Central  Power Station. 

Name 

Y e a r  of start of commercial  operation 

Capital investment cash flows, expressed 
in 1975 dollars: 

Land purchases, design engineering etc., 
incurred 5 years  in advance of y,, 

6 2  2 4 X 10 m of a r r a y  at $10/m , 
incurred in the year  pr ior  to  y 

1 X 10 KWh of energy storage at 
$20/KWh, incurred in the year prior 

co 
6 

to yco 
3 

200 X 10 KWpk of power conditioning 
a t  $50/KWpk, incurred i n  the year 
pr ior  to y 

Miscellaneous capita 1 investment 
costs, including transportation, 
installation, a r r a y  support structures,  
cabling, etc., incurred in  the yea r  
prior to  y 

Array replacement af ter  15 years  of 
operations , including transportation 
and installation costs. 

co 

co 

Annual operating expenses for 1990 ( a s  of 
January l), expressed i n  1975 dollars 

Annual maintenance expenses for 1990 ( a s  
of January I) ,  expressed i n  1975 dollars 

Annual fuel expenses for 1990 (as  of 
January l ) ,  expressed i n  1975 dollars 

System lifetime 

Expected annual system energy output: 200 
M W  a t  40% capacity factor for 8760 hours 

Symbol I Value 

1985 

Part of 
“1989 

P a r t  of 
“1989 

Part of 

“1989 

Pa r t  of 

“1989 

“2005 

$50 X lo6 

$40 X lo6 

$20 x lo6 

$10 x lo6 

$55 x lo6 

$60 x lo6 

1 $ 1 x ,ob OP0 

MNTo I $ 2 X  lo6  
I 

0 
FL zero by 

as sumption 

30 years  h 
MWHA I 7 X l U 5  MWh 
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- 
The annualized fixed charge rate (FCR) is computed according to 

Eq. (B.21): 

- 
FCR = 1 - 0.40 (0.0888 -- 30 40) t 0.02 t 0.0025 = 0.1483 

1 
1 - T  

- 
FCR = - ( c R F ~ , ~  -6) t Pl t f12 

(D. 3) 

(B. 21) 

Using the nominal values for T, B,. and B2 (0.40, 0.02, and 0.0025, 
respectively), and the values of N and CRFk,N from above: 

The present value of capital investment (CIpv) is computed according to 

Eq. (B.38): 

where 

and 

p = Yco - Yp 

(B. 38) 

j = yt - Y,, t 1  
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Given the nominal value of gc for capital costs (0.05), and assuming 

= 1990, and capital cost inputs expressed in 1975 dollars ( i .e .  y = 1975), 
YC, P 
the following quantities are constanta: 

1 (1 i- g)' = (1.05)15 = 2.079 

= 0.972 
1 f gc - 1.05 
I + k  1.08 

- -  

Table 0 . 2  displays the application of Eq. (B. 38), incorporating the con- 

t stants from Eq. (D.4). The entr ies  for CI are from Table D. 1. 

PV' 
Table D-2. Calculation of CI 

t, year 

1985 

1989 

2005 

Cxt 
6 $ 50 x 10 

$125 x lo6 

$ 60 X lo6 

- 4  

0 

16 

(2.0?9) (0.972)J CIt 

6 $116.46 x 10 

$259.88 x lo6 

$ 79.19 x lo6 

6 
CIpv =E = $455.5  *' 10 

6 The present value of capital investment is found to be $455.5 X 10 in 
yco dollars. 

The present values of recurrent costs a r e  computed according to  

Eq. (B. 39), which in this case (since k/g) can be written: 

(B.  39) 
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As demonstrated in subsection III. C. 5, for the nominal case,  Eq. (B. 39) 

reduces to 

x = (1.06)p X (22.75) = (l.O6)l5 Xo (22.75) = Xo (54.52) (D.5) PV 0 

The values of OP and MNT a r e  found by replacing Xo with OPo and 
pv 8 PV 

MNTo (from Table D. 1) res2ectively. The results a r e  presented in Eqs. (D. 6). 

6 6 OP = ($1 X 10 ) 54.52 = $54.5 X 10 
PV 

6 6 = ($2 X 10 ) 54.52 = $109.0 X 10 MNT 
PV 

The annualized system-resultant cost  (z) is computed according to 

Eq. (B.20): 

Inserting the appropriate values from above: 

6 AC = $(l.05)-15 [IO. 1483 (455.5) t 0.0888 (54.5 + 109.0 t 0.0) x 10 

6 6 

1 - 

E = 0.48102 ($82.1 X 10 ) = $39.5 x 10 

Eq. ( B . 2 2 ) :  

( B .  22) 
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Inserting the appropriate values from above: 

- 
(D. 8 )  BBEC = $39*5 lob = 56.4 mills (1975) per  KWh 

700 X lo3 MWh 

The results shown in Eq. (D.8) are expressed in mills per  kilowatt- 

hour, rather than the resultant (and numerically identical) dollars per megawatt- 

hour, to conform to common usage. - 
BBEC represents a distribution of energy charges that is constant in 

nominal terms, i.e., the number of dollars required per  MWh of expected 

energy output is the same every year. The value, in te rms  of what those 

dollars are worth in purchasing power, is not constant (if g > 0), however. 

Thus BBEC must recover more  than current dcllar costs in the early years  of 

system life to  compensate for the erosion of purchasing power affecting later-  

year revenues (see Fig. 1, p. 11-3). The adjustment made above for "constant 

dollars" serves  only to revalue BBEC from yc0 dollars to an equivalent number 

of yb dollars. 

- 

- 

An alternative interpretation of "constant energy charges" is possible - 
a distribution of charges which has unchanging value in t e rms  of dollars (or  

mills) of constant purchasing power. 

two key properties - i t  would satisfy the life-cycle revenue requirement, and 

it would grow in nominal t e rms  at the rate of general inflation. 

ties, plus some ear l ier  results, can be used to describe a distribution of 

charges of constant real  value, denoted as  BBEC, , in t e rms  of the measure 

we already have, BBEC. 

Such a distribution of charges would have  

These proper- 

- 
Any distribution of revenues that satisfies the life- cycle rever.ue condi- 

tion must, by definition, have a present value equal to life-cycle cost. Thus: 

Pv { BBEC, MWHA} = PV { - BBEC N ~ ' N H ~ }  
(D. 9) 
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- 
Since both BBEC and MWHA a r e  constants, the right-hand side of this equation 

can be written as:  

- 
BBEC 

MWH 
A CRFk.N 

(D. 10) 

The left-hand side involves taking the present value of a s e r i e s  growing at  a 

uniform rate, precisely the operation for  which Eq. (B. 32) was derived above. 
13 Incorporating that result  and Eq. (D. 10) in Eq. (D. 9) : 

- 
(D. 1 1 )  BBEC 

(BBEC, MWH A ) (' - k - g  tg) [l - (-TI 1 t k  = MWHA. C R F  
k, N 

Thus: 

where 

Thus, for the case  evaluated in this Appendix: 

(D. 12) 

= 31.8 mills (1975) per  KWh BBEC, = 56.4  

131f g = k, Eqs. (D. 1 1 )  and (D. 12)  must be adjusted in the manner shown for  
Eq. (B. 32) .  We assume p = 0 in this application of Eq. (B. 32). 
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The time path of BBECt is:  

BBEC, = BBEC, ( 1  t g ) t  

where t = 0 in y co' 

If comparison of BBEC, with the cost of energy from conventional 

systems i s  desired, it should be realized that it i s  the marginal cost of addi- 

tional energy production, not the average cost of currently available energy, 

which i s  relevant. 
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APPENDIX E 

A GENERALIZATION O F  THE ANNUALIZED FIXED CHARGE RATE 

TO INCLUDE TAX PREFERENCE 

The purpose of this Appendix is to produce an expression for the - 
Annualized Fixed Charge Rate (FCR) which explicitly considers two common 

incentives to investment - accelerated depreciation and an investment tax 

credit. 

of "tax preference. 

Both of these incentives may be described under the generic heading 
1 1  

- 
It is possible to  generalize the concept of the FCR to include tax prefer- - 

encc, and a t  the  same time extend the intuitive interpretation of the FCR con- 

cept. 
- 

The expression derived in Appendix B for the FCR i s  given by 

Eq. (B. 21), which i s  repeated below: 

Equation (B.21) can be rewritten as:  

The t e rm in parenthesis reflects the influence of taxes on fixed charges. 

the zbsence of taxes (i. e. ,  T = 0.01, Eq. (E. 1) would become F C R  = C R F  
P, t p2, and the fixed charge rate  would be the sum of amortization charges 

and allocated general expenses. The t e rm N * C R F  

present  value of straight-line depreciation (over N years)  a s  a fraction of the 

original value of the asset  being depreciated: The uniform year l t  depreciation 

claimed on an asse t  originally worth CI 

a straight-line basis over N years ,  is :  

In - 
k , N t  

represents the 
k, n 1- l [ 

when that asset  is depreciated on 
FV' 

GI 
N 

DEPt = -  PV 
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The 

Eq. 

present value of this series of uniform payments is found by dividing 

(E. 2) by the appropriate capital recovery factor: 

Thus, 

1- 
PV { DEPJ 

CI P V  = [N-CRF k,N 

it is 

As w e  shall be considering alternative methods of depreciation below, 

useful to define the  genera! cLncept of the "present value of depreciation 

(by any method) a:; a fractior. .ciginal value." This concept is referred to 

below a s  the depreciation faL. - . D P F  1: m, k, n - 

(E. 5 )  

The m, k, ana n subscripts reflect, respectively, the dcpeiidence of P V  {DEPtl 

on the method of depreciation, the discount rate, and the accounting lifetime 

of the  asset. 

liability by reducing taxable income. 

claims mss t  be multiplied by the income tax rate to a r r ive  a t  the present value 

of tax sahngs.14 Using the concept of the depreciation factor f rom above, 

this present value nay be found as: 

The effect of tax-deductible depreciation is to redace income tax 

Thus the present valuc : f depreciation 

T D P F  CI 
m, k, n P" (E. 6 )  

14The explicit i n c o r p -  ation of t:: preference in  the analysis requires a change 
in interpretation of T from the e:.. tive tax rate' '  used in Eq. (B. L 1). 
correct  value of t to use in Eq. (L. I 1 )  below i s  the 
which can be assumed, for purposc3 of a nomindl case, to equal 0.50. 

The 
I I  I I  statutory tax 1 Ate, 
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Expression (E.6) represents a portion of CI  

savingss and thus does not need to be amortized. The implications of this 

recapture for the FCR will be discussed after considering the effect of an 

investment tax credit, 

that is recaptured through tax 
PV 

- 

The introduction of an investment tax credi t  has the effect of reducing 
hat iavestors Aiave tied up" in the project. At the end of II 

the amount of CI 

any year  in which an investment outlay has occurred, the utility can claim a 

credit  against its income tax liabil'ty equal to a fraction (denoted here  as a) 
of the outlay. Given an investment tax credi t  equal to  a, the effective reduc- 

tion in "tied-up" present value of a series of investment outlays may be found 

as : 

PV 

a G I  
PV 

(E. 7) 

where CI is ccmputed, as usual, according to  Eq. (B.38). This treatment 

is appropriate because CI 
PV 

Section B. 4 of Appendix B). 

PV 
is based on end-of-year cash  flows ( see  

Combining expressions (E.6) and (E. 7), we find the overall effective 

amount of investment present value that must be recovered by amortization, 

after consiaering both depreciation and the investment tax credit, as:  

LE we adjust the result  in Eq. (E.8) to reflect t hep re - t ax  revenue necessary 

to amortize a given amount with after-tax dollars,  we ar r ive  at  the following 

quantity : 

2) CI P V  
( - 'DPFtn,k,n 

I - t  (E. 9 )  

E- 3 
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which is simply expression (E. 8 )  divided by (1 - 7) .  

multiplied by the capital recovery factor, and ( B  + B ) CI 

result, the derived expression represents the annualized fixed charges (AFC) 

resulting from a series of investment outlays with present value CI 

If expression (E. 9) is 
is added to the 

1 2 pv - 
PV. 

Dividing Eq. (E. 10) by CI 
fixed charge rate  (FCR): 

gives a general expression for  the  annualized - PV 

- - 
t el t B2 (E. 11) ( 

- ODPFm,k,n 
AFC 
CI  

PV 
FCR =-  - - CRF 

k, N 1 - T  

- 
It is readily seen that Eq. (B. 2 l),  the standard expression for the FCR in the 

document, is a special case  of Eq. (E. 11) for which depreciation is straight- 

line over the  system engineering lifetime (n  = N; DPF,, k, - - (N.CRFk,N] ' ) ,  

and f o r  which there is no investment tax credit  (a = 0.0). This i s  especi?Uy 

evident when Eq. (B.21) i s  rewritten into Eq. (E. 1). 

It is possible to use Eq. \E. 1 1 )  to compute fixed charge rates  to  cor res -  

pond to various combinations cf depreciation method, accounting lifetime, and 

investment tax credit. Changes in the level of the investment tax credit  a r e  

handled by assigning the cor rec t  value of the parameter o. 

method of depreciation require alternat'*,.e expressions for the depreciation 

factor {DPF 

Variations in  the 

), in which accounting lifetime (n) i s  a parameters.  These 
m, k, n 

''Since 0 < T < 1 by cssu' tion, (E.9)  is la rger  than (E.8), and by exactly 
enough to leave (E.8) . I I paying taxes. Assume that i t  is necessary to 
ficd an amount of revenue Y, such thLt after paying tases  of TiT, exactly 
X of revenue remains. This implies: 

Y - r Y = X  
Thus, Y = x/(1 - T, 

E-4 



depreciation factors a r e  standard concepts in  accounting and in capital 

budgeting, and are presented here  without proofs. In both instances, n 

denotes the asset lifetime for  tax purposes, which may be l e s s  than the system 

lifetime (N) used for  amortization purposes. 

I 1  1 1  

Straight-line depreciation (DPFsL k n) 

k, n 
DPFSL,k,n = [ n C R F  

Sum-of-the-years-digits depreciation (DPFsD k n) 

Z(n - I / C R F ~  n) 

n(n t 1) k 
I 

DPFSD, k, n = 

(E. 11) 

(E. 12)  

Numerical Illustration of the Generalized Fixed Charge Rate 

Two major precautions apply to the use of Eq. (E. 11) instead of 

Eq. (B.21). 
for the effective tax rate a s  the value of T. 

a nominal case,  that the state income tax rate  i s  4 percent ( t  = 0.04), and that 

the federal incorre tax rate  is 48 percent (T = 0.48). Since state income taxes 

a r e  deductible on federal returns, we compute the combined statutory tax rate 

(T) a s  follows: 

The f i r s t  concerns t’ e need to substitute the statutory tax rate  

We assume, :or the purposes of 

Assume before-tax net income of Y 
state income tax liability = tY 

federal income tax liability = T(Y - tY) 

combined income tax liability a s  a proportion of Y I T 

T - 1 [T(Y - tY) t tY] = t - tT 
Y ( E .  13) 

For the nominal values assumed above, we find the numerical value of T as :  

T = 0.48 t 0.04 - (0.48) (0.04) = 0.5008 ,L. 14; 

which, for our purposes, rounds to t = 0.50. 

E- 5 



The second precaution pertains to the distinction between the 

engineering system lifetime (N) used for computing amortization rates,  and 
16 

the asset  accounting lifetime (n) used for computing depreciation charges. 

In general N is used for  computing amortization quantities, and n for comput- 

ing depreciation quantities. (When the CRF appears inside a DPF  expression, 

a s  i t  does in DPFSD, k, below, i t  is the accounting lifetime that should be 

used. ) 
- 

For the purposes of this illustration of the generalized FCR, the new 

input assumptions a r e  sum- of-the - years-digits depreciation for an accounting 

lifetime of 20 years, a 4 percent investment tax credit, and the 50 percent 

statutory income tax rate derived above. 

values is: 

The full set  of required parameter 

k = O . 0 8 ,  N = 3 0 ,  n = 2 0 ,  ~ = O . 5 0 ,  a=0.04, ~ 1 t ~ 2 = 0 . 0 Z 2 5 ,  

implying the following quantities: 

= 0.0888 
k,N 

CRF 

CRFk, n = 0.1019; l/CRFk,n 2 9.818 

Z(n - I / C R F  ) 

DPFSD,k,n = n(n t 1 )  k ZO(21)O. 08 
A= ‘(‘O - 9O8l8) = 0.6061 

Tax preference with respect to depreciation encompasses the use, for 
accounting purposes, of artificially shortened asset  lifetimes, as well  a s  
the expensing of larger-than-proportional charges in  the early years of 
those lifetimes. 

16 



This result represents a 6 percent relative decrease from the value - 
for FGR used in the nominal case  above (see Section III, part 4).  

FCR affects only the capital cost portion of E ,  the relative changes in 

BBEC will always be less than the change in FCR. 

Because - 
- - 

E - 7  


